Various string models of mesons and baryons include a string carrying 2 or 3 massive points (quarks or antiquarks). Rotational states (planar uniform rotations) of these systems generate quasilinear Regge trajectories and may be used for describing excited hadron states on these trajectories. For different string models of baryon we are to solve the problem of choice between them and the stability problem for their rotational states. An unexpected result is that for the Y string baryon model these rotations are unstable with respect to small disturbances on the classical level. This instability has specific feature, disturbances grow linearly, whereas for the linear string baryon model they grow exponentially and may increase predictions for baryon's width Γ.
I. INTRODUCTION
In string models of mesons and baryons [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] shown in Fig. 1 the Nambu-Goto string (relativistic string) simulates strong interaction between quarks at large distances and QCD confinement mechanism. This string has linearly growing energy with constant energy density equal to the string tension γ.
Such a string with massive ends [2] may be regarded as the meson string model in Fig. 1a or the quark-diquark model q-qq [5] in Fig. 1b (on the classic level these models coincide). Other string models of baryons are [3] : (c) the linear configuration q-q-q [10] , (d) the "three-string" model or Y configuration [3, 9, 11] , and (e) the "triangle" model or ∆ configuration [6, 9] .
For all cited string hadron models one can use rotational states of these systems (classical planar uniform rotations) to describe quasilinear Regge trajectories for mesons and baryons [4] [5] [6] [7] [8] . In the limit of large energies E for a rotational state the angular momentum J of this state behaves as J ≃ α ′ E 2 for any model in Fig. 1 . For the meson and baryon models in Fig. 1a , b and c the slope α ′ and the string tension γ are connected by Nambu relation [1] α ′ = (2πγ) −1 . So, if we use these models with the same type of strings (the fundamental string), we can naturally describe baryonic and mesonic Regge trajectories with the same experimental slope α ′ ≃ 0.9 GeV −2 . Rotational states of the string baryon model Y (Fig. 1d) demonstrate the Regge asymptotics with the slope [4] α ′ = 1/(3πγ). To obtain the experimental value α ′ ≃ 0.9 GeV −2 we are to assume that the effective string tension γ Y in this model differs from the fundamental string tension γ in models in Figs. 1a -c and * Electronic address: german.sharov@mail.ru 4, 7] . The string baryon model "triangle" or ∆ encounters the similar problem. For describing Regge trajectories with the so called triangle rotational states [6] we are to take another effective string tension γ ∆ = 3 8 γ [4, 7] . To choose the most adequate string model of a baryon one should analyze the stability problem for rotational states of these models. Stability of classical rotational states with respect to small disturbances for the models in Fig. 1 was studied in numerical experiments [9] and analytically [10, 11] . Rotational states for some models, in particular, for the linear model and the Y configuration appeared to be unstable. This fact is very important for applications of these models in hadron spectroscopy.
Note that instability of classical rotations for some string configuration does not mean that the considered string model must be totally prohibited. All excited hadron states (objects of modelling) are resonances, they are unstable with respect to strong decays. So they have rather large width Γ. If classical rotations of a string configuration are unstable and this instability has a characteristic time scale t inst , it gives the additional contribution Γ inst ≃ 1/t inst to width Γ. This effect can restrict applicability of some string models, if the value Γ inst predicted by this model essentially exceeds experimental data for Γ [10] .
In this paper we describe dynamics of the mentioned string hadron models and the stability problem for their rotations in Sect. II. In Sect. III string models with stable rotational states are applied to Regge trajectories for mesons and baryons.
II. DYNAMICS AND STABILITY OF STRING HADRON MODELS
Dynamics of an open or closed string carrying n = 2 or 3 point-like masses m 1 , m 2 , . . . m n (the models in Figs. 1a -c or e) is determined by the action [4, 6, 10] 
Here γ is the string tension, g is the determinant of the induced metric
for the models in Figs. 1a -c (or with σ 0 < σ < σ n for the closed string), world lines of massive points are
Equations of motion for these string models result from the action (2.1). Without loss of generality [4, 6] we choose coordinates τ , σ satisfying the orthonormality conditions on the world surface
Under these conditions the equations of motion are reduced to the string motion equation
and equations for two types of massive points: for endpoints
(here ǫ 1 = −1, ǫ n = 1) and for the middle point in the model q-q-q or for all points on a closed string
For the open string with n = 2 or 3 masses (the models in Figs. 1a -c) rotational states are uniform rotations of a rectilinear string segment. The correspondent solution of Eqs. (2.2) -(2.5) may be presented in the form [9, 10] :
Here we fixed conditions at the ends in Eqs. (2.4) [4] : is the unit rotating vector directed along the string. Values θ (dimensionless frequency) and φ 1 are connected with the constant speeds v j of the ends
In the q-q-q system the central massive point is at rest (in the comoving frame) at the rotational center. Its inner coordinate is σ 2 = (π − 2φ 1 )/(2θ) = const. In Refs. [9, 12] we analyzed stability of the rotational states (2.6) for the string with massive ends (Fig. 1a, b) . These states appeared to be stable with respect to small disturbances.
For the linear string baryon model q-q-q the stability problem for the states (2.6) was solved in numerical experiments [9] and analytically [10] . Analysis in Ref. [10] demonstrated that the rotational states (2.6) for this system are unstable, because an arbitrary disturbed rotation has complex (imaginary) frequencies in its spectrum. They correspond to exponentially growing modes of small disturbances:
Calculations of the characteristic time t inst and its reciprocal Γ inst ≃ 1/t inst in Ref. [10] showed that the value Γ inst for the model q-q-q strongly depends on energy E of the rotational state. We are to compare this value with the experimental width Γ corresponding to strong decays of a baryon. In string models these decays are described as string breaking with probability or width Γ = Γ br , proportional to the string length ℓ [13, 14] . In Ref. [10] we estimated the total width, predicted by the baryon model q-q-q as Γ = Γ br + Γ inst in comparison with experimental data for N , ∆ and strange baryons in the mass (or energy) range 1 -3 GeV. For E ≃ 1 GeV the contribution Γ inst in total width Γ appeared to be essentially exceeding experimental data. So we concluded, that the linear string model q-q-q is unacceptable for describing these baryon states and we should refuse this model in favor of the quark-diquark or Y models.
For the string baryon model Y (Fig. 1d ) three world sheets (swept up by three string segments) are parametrized with three different functions X µ j (τ j , σ) [9, 11] . It is convenient to use different notations τ 1 , τ 2 , τ 3 for "time-like" parameters and the same symbol σ for "space-like" parameters. These three world sheets are joined along the world line of the junction that may be set as σ = 0 for all sheets without loss of generality. At this junction parameters τ j are connected as follows [9] 
So at the junction we have the condition
The action of the Y configuration [9, 11] looks like Eq. (2.1), but the first term includes three integrals along the mentioned world sheets. So dynamical equations for this model include the same equations (2.3)
under the conditions (2.2) (∂ τj X j ± ∂ σ X j ) 2 = 0 on three world sheets and also conditions (2.7) 0 ≤ σ ≤ π and equations (2.4) for massive endpoints with ǫ j = 1, σ j = π for all j = 1, 2, 3. One should substitute τ → τ j , X µ → X µ j in Eq. (2.4) and add the relation at the junction
Rotational states of the Y configuration correspond to planar uniform rotation of three rectangular string segments connected at the junction at angles of 120
• [4, 5, 9] . These states may be described as Eq. (2.6) [11]
is the unit rotating vector (2.8) directed along the first string segment. Below we consider the symmetric case [11] 
Expression (2.13) satisfies Eq. (2.11) and conditions (2.2), (2.4), (2.10), (2.12), if angular velocity Ω, the value θ, constant velocities v j of the massive points are connected by the relations [4] v j = sin(πθ) = Ωm j 2γ
In Ref. [9] we demonstrated in numerical experiments, that rotational states (2.13) of the Y configuration are unstable with respect to small disturbances. This instability was investigated by G. t Hooft [15] . Here we test this stability problem analytically.
Let us consider a slightly disturbed motion of the model Y with a world surface X µ j (τ j , σ) close to the surface X µ j (τ j , σ) of the rotational state (2.13) (below we underline values, describing rotational states). For this disturbed motion we use the general solution of Eq. (2.11) 
(2.21)
We suppose that for a disturbed motions the "time" parameters 
After this substitution we have the linearized system (with respect to u µ j , δ j ) including Eqs. (2.24) and the following vector equations:
(2.25)
correspond to rotational state (2.13),
We search oscillatory solutions of this system and substitute the following disturbances with u µ j satisfying Eqs. (2.24)
into the system (2.25). Projections of these equations onto basis vectors e Small disturbances in the rotational plane (e 1 , e 2 ) are described by projections of Eqs. (2.25) onto 3 vectors e 0 , e(τ ),é(τ ). These projections form the system of 9 linear equations (with 8 independent ones among them) with respect to 8 unknown values A 0 j , A j , δ j . Nontrivial solutions of this system exist if and only if its determinant equals zero. This equality after simplification, is reduced to the following equation Ref. [11] :
. We analyzed roots of this equation for complex values ξ = ξ 1 + iξ 2 in Ref. [11] and concluded that all roots of Eq. (2.31) are real numbers and form a countable set. This behavior differs from that for the linear string model q-q-q. In the latter case the corresponding spectral equation has complex roots (frequencies of disturbances) [10] , so these disturbances grow exponentially in accordance with Eq. (2.9).
For the model Y the observed in Ref. [9] instability of rotational states (2.13) has another nature. This instability results from existence of double roots ξ = ±θ in Eq. (2.31). If we put ξ = ±θ in Eq. (2.31), not only the first factor (ξ 2 − θ 2 ), but also the second factor vanishes: In Ref. [9] we investigated numerically disturbed rotational states of the string configuration Y and observed instability of the states (2.13). Omitting details of numerical modelling (described in Ref. [9] ), we demonstrate in Fig. 2 some "photographs" of the rotating Y configuration with constant time intervals and dependence of deviations τ 2 (τ ) − τ (solid line) and τ 3 (τ ) − τ (dashed line) on the time parameter τ for disturbed rotational states (2.13). Here we test the state with masses (2.14) for θ = 0.1 and with small initial disturbance of the componentΨ 1 1± (τ ). During further evolution small disturbances grow, the junction moves, lengthes of three arms vary and at last one of massive points merge with the junction. Numerical experiments demonstrate that evolution of small disturbances for velocities U µ j or values τ j (τ ) corresponds to expression (2.32), amplitudes of disturbances linearly grow and frequency of oscillations (with respect to τ ) is equal θ.
This behavior lets us to conclude, that rotational states (2.13) of the string model Y are unstable, because an arbitrary small disturbance contains linearly growing modes of the type (2.32) in its spectrum.
If we compare these two types of instability: exponential growth (2.
This rotational instability is not a weighty argument against application of the Y configuration. But this model has another drawback mentioned above, it predicts the slope α ′ = (3πγ) −1 for Regge trajectories, that differs from the value α ′ = (2πγ) −1 for the string with massive ends [4, 5] . The experimental value of Regge slope α ′ ≃ 0.9 GeV −2 is close for mesons and baryons. So the effective value of string tension γ is to be different for the baryon models Y and the meson model q-q.
These arguments work in favor of the quark-diquark model (Fig. 1b) for describing baryons on Regge trajectories. In the next section we consider the common scheme for describing these trajectories for mesons and baryons.
III. STRINGS AND REGGE TRAJECTORIES FOR MESONS AND BARYONS
Rotational states (2.6) of the string with massive ends were applied for describing excited mesons and baryons on Regge trajectories in Refs. [4] [5] [6] [7] [8] . All mentioned authors used quasilinear dependence between angular momentum J and square of energy E of a state (2.6).
Expressions for energy E (or mass M = E) and angular momentum J of a rotational state (2.6) for the string with massive ends have the following form [4, 7] :
Here s j are spin projections of massive points, ∆E SL is the spin-orbit contribution to the energy in the following form [4, 7] :
This form of the spin-orbit contribution results from the assumption about pure chromoelectric field in the rotational center rest frame [4, 5, 16] . The authors of Ref. [5] used the alternative expression
corresponding to the Thomas precession of the spins s j . If the string tension γ, values m j and s j are fixed, we obtain an one-parameter set of rotational states (2.6). Values J and E 2 for these states form the quasilinear Regge trajectory with asymptotic behavior J ≃ α ′ E 2 for large E and J [4] with the slope α ′ = 1/(2πγ). We use the model of string with massive ends (considered as the model q-q of a meson and the quark-diquark model q-qq of a baryon) to describe experimental data for excited states of mesons and baryons on Regge trajectories. For this purpose we are to choose free parameters of the model: effective value of string tension γ and effective masses of quarks and diquarks m j for all flavors.
This approach was developed in Refs. [4, 7] , but in the present paper we study both types of spin-orbit correction (3.3) and (3.4), use the optimization procedure for choosing the mentioned effective values γ, m j and also include charmed and bottom hadrons. The main principle of this choice is to describe the whole totality of experimental data on excited mesons and baryons [17] .
At the first stage we describe main Regge trajectories for light unflavored mesons and choose effective values of tension γ and mass m ud of the lightest quarks u and d (we suppose below that they are equal:
The results for such isovector and isoscalar mesons with spin-orbit corrections (3.3) and (3.4) are shown in Fig. 3 . Here parameters for models with Eqs. (3.3), (3.4) are These values are obtained in the following optimization procedure.
We fix a set of n mesons with masses M k and angular momenta J k , k = 1, . . . , n, with the definite quark composition. These mesons may lie on one or on a few Regge trajectories differing in quark spin S or isospin I. Such a set is shown in Fig. 3, it includes 4 Regge trajectories.
For the best fitting between the model dependence J = J(M ) (3.1), (3.2) and the experimental values M k , J k from the table [17] for this set of mesons we use the least-squares method and minimize the sum of squared deviations with positive weights ρ k :
(3.5)
The weights ρ k correspond to data or model errors, they are fixed below in the following manner: ρ k = 1 for reliable meson states from summary tables [17] with orbital momenta L ≥ 1; ρ k = 0.2 for unreliable states with high J omitted from summary tables [17] , in particular, for ρ 5 (2350) in Fig. 3 , but ρ k = 0.1 for states of this type, that need confirmation (ω 5 , a 6 , f 6 ); ρ k = 0.2 for states with L = 0. States with L = 0, in particular, π, ρ(770), η, ω(782) in Fig. 3 should not be described by string models, because the string shape may correspond only to extended hadron states with high J [1] [2] [3] [4] [5] . To determine theoretical values of angular momenta J(M k ), corresponding to masses M k from the table [17] , we are to invert numerically the function M (Ω) (3.1), (2.15) and substitute the function Ω = Ω(M ) into Eq. (3.2): J(M k ) = J Ω(M k ) . We calculate the sum (3.5) for the mesons in Fig. 3 with both types of spin- Fig. 4 as level lines of the function (3.5) in the (m ud , γ) plane.
One can see that the sum (3.5) for the model (3.3) reaches its minimum F min ≃ 0.18, if the effective parameters m ud , γ are close to the values in Table I . The similar minimum F min ≃ 0.94 for the model with correction (3.4) is 5 times larger. So this model is less successful in describing these meson states (thin lines in Fig. 3) .
The results in Table I Table II for both considered models with spin-orbit corrections (3.3) and (3.4). Six Regge trajectories for charmed mesons are presented in Fig. 5 . Note that for them we used only one fitting parameter m c , but all trajectories are described rather well in both models with Eqs. (3.3) and (3.4) .
The similar approach to bottom mesons B, B * , B s , B * s , Υ, χ b2 (1P ) with substitution c for b quark results in the optimal values m b for bottom quark in Table II and corresponding Regge trajectories for bottom mesons in Fig. 5 . Here we use the notations of Fig. 3 , in particular, thick lines correspond to spin-orbit correction (3.3) . This model has advantage in comparison with the case (3.4) (thin lines) for mesons with strange quark s. For charmed and bottom mesons this advantage becomes inessential. Both models are successful in describing charmonium states, but they work worse for bottomonium. The similar approach may be applied to baryons. We mentioned above that for describing baryonic Regge trajectories we are to choose the quark-diquark string model. Only this model predicts rotational stability and natural Regge slope α ′ = (2πγ) −1 corresponding to equal experimental Regge slopes α ′ both for mesons and baryons. When can apply to baryons the model of a string with massive ends, if we determine the effective diquark mass m d = m 2 (assume that m 1 is the quark mass). In the simplest approach [4] we suppose that diquarks are weakly bound systems, so a diquark mass is close to sum of two constituent quark masses, in particular, for N and ∆ baryons m d ≃ 2m ud .
Another approach is widely used in string and potential quark-diquark models of baryons [5, 18, 19] and supposes different diquark masses for scalar diquarks with total spin S d = 0 and for vector diquarks with S d = 1. Essential difference of these masses corresponds to strong coupling between two quarks in a diquark. However this mechanism remains vague, the diquark masses in the mentioned models are used as fitting parameters. In particular, masses m The last approach may be applied to our string model with two forms (3.3) and (3.4) of spin-orbit correction. For this purpose we use two sets of baryonic Regge trajectories with scalar and vector diquarks correspondingly. For scalar diquarks we choose the main Regge trajectory for N baryons N , N (1520), N (1680) . . . and the corresponding trajectory for Λ baryons: Λ, Λ(1520), Λ(1820) . . . If we use data for mesons from Table I, Table III . One can see that in the model with spin-orbit correction (3.4) optimal masses of scalar and vector diquarks are essentially different: m in Ref. [5] , where the same correction (3.4) in the quarkdiquark model was used.
This difference is not so large in the model with spinorbit correction (3.3), the value m 0 d in Table III Regge trajectories for the mentioned baryons are shown in Fig. 6 . The model parameters for both models 3) works successfully, in the case (3.4) the mass correction ∆E SL appears to be positive and too large. So we can describe these Regge trajectories in the model (3.4) only if we suppose that diquarks in these hadrons are scalar ones. In this case trajectories for ∆ and Σ baryons with S = 1/2 will be copies of trajectories for N and Λ baryons.
Dotted lines for all baryons in Fig. 6 show that the model with correction (3.3) admits the diquark mass m d = 2m ud . This assumption works rather good for N , Λ and Λ c baryons and it works worse for ∆ and Σ baryons. Note that the model with correction (3.4) is incompatible with the assumption m d = 2m ud .
IV. CONCLUSION
Different string hadron models are considered from the point of view of their application to describing Regge trajectories for mesons and baryons. For this purpose we study the stability problem for classical rotational states of these models. It is shown that these states are unstable for the Y string baryon model (Fig. 1d) . The type of this instability differs from that for the linear string baryon model q-q-q. For the Y configuration small disturbances grow linearly, whereas for the linear model they grow exponentially. This results in too large additional width Γ of excited baryons in the linear model [10] .
For the Y string baryon model we have no additional width, but this model predicts the slope α ′ = (3πγ)
for Regge trajectories, that differs from α ′ = (2πγ)
for the string with massive ends [4, 5] . So for describing both mesons and baryons with almost equal experimental value of α ′ we have to use the string with massive ends as the meson model q-q and as the quark-diquark baryon model q-qq.
These models with spin-orbit correction in two forms (3.3) and (3.4) can describe main Regge trajectories for light unflavored mesons, for K, D, D s , B, B s mesons, charmonium and bottomonium states, and also for N , ∆, Σ, Λ and Λ c baryons. In this approach we use the optimization procedure with choosing the effective string tension γ and effective masses of quarks and diquarks m j for all flavors (see Tables I -III) .
